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ABSTRACT
NUMERICAL SIMULATION OF THERMOELECTRIC
TRANSPORT IN BULK AND NANOSTRUCTURED SISN
ALLOYS
MAY 2020
VENKATAKRISHNA DUSETTY
B.Tech., JNT UNIVERSITY, ANANTAPUR
M.S.E.C.E., UNIVERSITY OF MASSACHUSETTS AMHERST
Directed by: Professor Zlatan Aksamija
The current high demand for sustainable and renewable energy sources to solve
world energy crisis has enormously increased interest in looking at alternative sources
of energy. All the machines used in manufacturing process, electricity generation,
residential applications, transportation etc., rejects energy in the form of heat into en-
vironment. Thermoelectric materials can convert thermal-to-electrical and electrical-
to-thermal energy and can be utilized in waste-heat harvesting, more efficient cooling
to reduce energy usage and CO2 emissions. Significant research efforts have been
devoted over the past decade to thermoelectric materials, with particular emphasis
being placed on combining materials selection with nanostructuring. The overarching
goal was to reduce thermal conductivity through selective phonon scattering and thus
boost the thermoelectric figure-of-merit (ZT). SiGe alloys, as well as superlattices and
nanocomposites made from them, showed significant improvements upon nanostruc-
turing and ZT exceeding one at high temperatures. Other group IV alloys were not
vii
studied in the context of thermoelectrics. However, SiSn alloys are widely studied
for their optoelectronic properties because they were predicted to become direct-gap
materials when Sn composition increased beyond about 50%. To address this gap,
we study the thermoelectric properties of SiSn alloys. Furthermore, we develop an
iterative full-band solver for the electron Boltzmann transport equation and use it to
compute the electron and hole mobility and Seebeck coefficient in SiSn alloys. The
electronic structure of SiSn alloys was computed in the virtual crystal approximation
from non-local empirical pseudopotentials, while the application of strain allowed us
to extract the electron-phonon coupling deformation potentials for each alloy compo-
sition. We benchmark our code against available mobility data for Si and SiGe alloys
and find that it accurately reproduces the measured values. Full phonon dispersion
was computed from the adiabatic bond charge model, which was shown to accurately
reproduce measured dispersion, and used in our phonon BTE solver to compute lat-
tice thermal conductivities. Scattering rates include anharmonic phonon-phonon,
impurity, isotope, alloy, and boundary mechanisms. The lowest thermal conductivity
was obtained in SiSn alloys, which have been experimentally demonstrated with up
to 18% Sn composition. This carries through when combined with calculations of
electronic power factor, where mobilities and Seebeck coefficients of SiSn alloys are
comparable to those of SiGe. Furthermore, ZT is optimized through doping for every
composition. The ZT improves dramatically at higher temperatures, reaching ZT of
1.9, 2.36 is obtained for Sn composition of 10% and 50% in a n-doped bulk SiSn alloys
at a temperature of 1480 K. However, such high Sn composition of 50% is unlikely to
be synthesized due to low solid solubility of Sn in Si. Lastly, we study the impact of
nanostructuring in thin films on the ZT. We also establish the limits on how much the
ZT can be improved through nanostructuring by studying thin films of SiSn alloys
across temperature from room temperature up to 1500 K. We conclude that in bulk
SiSn alloys, even at modest Sn concentration of 10%, ZT can reach 1.9, while in 20
viii
nm thin films of n-type SiSn alloys, it can reach the long-sought target of ZT> 3 and
ZT of 2.16 is obtained in p-type nanostructured SiSn alloys.
ix
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CHAPTER 1
INTRODUCTION
1.1 Overview
The emerging global demand for energy production and conservation to meet
energy crisis, climatic and environmental concerns has developed more interest in
effective means of power generation. Renewable energy sources can be utilized in-
stead of non-renewable energy sources, but efficiency and production capabilities
has limited their applicability in meeting increased demand for energy. Another
source of power generation can be converting dissipated heat into electricity with
the help of thermoelectric devices. Based on estimated energy consumption data
in United States released by Lawrence Livermore National Laboratory in 2018 as
shown in Fig. 1.1 [39], 68.5 Quads of energy was rejected as waste heat from various
energy sources.Thermoelectric devices can convert energy from thermal-to-electrical
and electrical-to-thermal with out any involvement of moving parts [2]. Thermoelec-
tric power generation system is an environment-friendly energy conversion technology
with the advantages of scalability [2], high reliability, and feasibility in a wide tem-
perature range [45]. The heat can be taken from combustion of fuels, from sunlight,
transformation of energy and various chemical processes that produces heat as their
byproduct. Therefore, thermoelectric materials can be used in both primary power
generation and energy conservation providing a global sustainable energy solution.
The role expected to play by thermoelectric energy conversion in solving world’s
energy crisis is answered by the efficiency of thermoelectric devices. Thermoelectric
efficiency is defined as the ratio of energy provided to the load to heat extracted:
1
Figure 1.1: Estimated U.S. Energy Consumption in 2018.
η =
(
1− TC
TH
) √ZT + 1− 1√
ZT + 1 + TC
TH
 (1.1)
where 1 − TC
TH
in the equation above is the Carnot limit, which is the maximum
efficiency of the devices that can be achieved theoretically. TC is the temperature
of cold end, TH is the temperature of hot end in a thermoelectric module between
which the temperature gradient is applied and the resulting heat flux is maintained.
The efficiency of thermoelectric devices for power generation is strongly governed by
dimensionless figure-of-merit (ZT ) [11]:
ZT =
σS2
κel + κph + κb
T (1.2)
where S is the Seebeck coefficient, σ is the electrical conductivity (S2σ is called the
thermoelectric power factor), T is the absolute temperature, and κph is the lattice
thermal conductivity, κel is the carrier contribution to the thermal conductivity and
κb is the bipolar thermal conductivity. Typically, the lattice (phonon) contribution
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dominates over the carrier counterpart, in other words heat conduction in semicon-
ductors is dominated by phonon transport [1].
Figure 1.2: Thermoelectric power generation efficiency vs. Temperature (TH) [35].
Fig. 1.2 shows thermoelectric power generation efficiency across temperature at hot
end in a thermoelectic module while TC is maintained at 300 K along with the effi-
ciency of conventional mechanical engines and Carnot limit.
1.2 Thermoelectric Energy Conversion
The thermoelectric effects arises in metals and semiconductors because of the
ability of charge carriers to move freely within the material, carrying charge as well
as heat. Let us consider a basic p-type and a n-type semiconductor connected at ends
that are maintained at different temperatures. Due to this temperature difference
(∆T ), the charge carriers at hot end tend to diffuse to the cold end. The build-up
of charge carriers at the cold end results in a net charge (either positive or negative
based on the polarity of charge carriers) creating a potential difference (∆V ) between
3
Figure 1.3: Thermoelectric module showing the direction of charge flow [37].
two junctions. This property is the basis for thermoelectric power generation, is called
as the Seebeck effect.
∆V = S∆T (1.3)
4
Thermoelectric devices contain many thermoelectric couples and each thermoelectric
couple consists of n-type and p-type thermoelectric elements connected electrically in
series and thermally in parallel as shown in Fig. 1.3 to increase the power handling
capacity (because voltage drop produced across a thermoelectric couple is in the order
of millivolts). A thermoelectric device uses heat flow across a temperature gradient
to supply power to an electric load through the external circuit. The temperature
difference provides the voltage while heat flow drives the electrical current (determines
output power).
1.3 Thermoelectric Devices Based on Semiconductors
In insulators, the electrical conductivity is less with high Seebeck coefficient result-
ing in a very low thermoelectric power factor. In metals, the electrical conductivity
is high with a low Seebeck coefficient resulting in a low thermoelectric power factor.
Also, talking from thermal conductivity point of view, insulators have less (κel) and
metals have very high (κel) resulting in a very low ZT. On the other side, semicon-
ductors have a moderate electrical conductivity and Seebeck coefficient that give a
good power factor compared to the insulators and metals and a moderate (κel) as
shown in Fig 1.4. Considering all the thermoelectric properties of materials, semicon-
ductors make good thermoelectrics. In semiconductors, heat and charge are largely
decoupled. The interdependence of material properties (Seebeck, electrical conduc-
tivity and thermal conductivity) through the electronic band structure, electron, and
phonon scattering makes the process of obtaining higher ZT values more challenging.
Thermoelectric parameters (S and σ) are determined from the electronic band struc-
ture and thermoelectric power factor can be improved by optimization of existing
materials with doping. The minimization of thermal conductivity can be achieved by
alloying (increasing phonon scattering) and nanostructuring (decreasing size below
mean free path to enhance scattering). Structures such as nanowires, nanocompos-
5
ites, and superlattices provide better ZT by reducing the lattice thermal conductivity
due to increase in phonon interface scattering and enhancing electronic performance
by manipulation of electronic scattering, band structure. Best thermoelectric power
factor can be obtained in existing materials by optimization of thermoelectric prop-
erties with doping and exploration of new materials. With modern synthesis and
characterization techniques in thermoelectric materials research, thermoelectrics are
expected to play a better role in effective means of power generation.
Figure 1.4: Trade-off between electrical conductivity (σ), Seebeck coefficient (S), and
carrier contribution to thermal conductivity (κel) vs. number of free carriers in going
from insulators to metals [35].
6
Fig. 1.4 shows the trade-off between electrical conductivity, Seebeck coefficient, and
carrier contribution to thermal conductivity based on the number of free charge car-
riers in insulators, semiconductors, and metals.
1.4 SiSn as a Thermoelectric Material
Thermoelectric generators made up of alloys of silicon-germanium (SiGe) have
reliably provided power in remote and extra terrestrial locations, dating back to
NASA’s radio-isotope thermoelectric generators [RTG] in early deep space probes.
Bulk SiGe alloys have a ZT of 0.7 at high temperatures [12], owing largely to their
low thermal conductivity due to phonon-mass-disorder scattering. Thin films of Si-Ge,
superlattices [3], as well as and nanocomposites made from them, showed significant
improvements upon nanostructuring, with a ZT reaching 1 at high temperatures [16].
The gain in ZT has been attributed primarily to the reduction in lattice thermal
conductivity from phonon scattering at the interfaces and grain boundaries. RTG’s
made of Skutterudite thermoelectrics offer higher efficiency and performance than
SiGe based devices. ZT up to 1.5 can be obtained for n-type skutterudites at 800
K [33].
Figure 1.5: ZT of bulk thermoelectric materials as a function of temperature: p-type
thermoelectric materials (left), n-type thermoelectric materials (right) [33]
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Binary and ternary alloys of silicon (Si), germanium (Ge), and tin (Sn) are con-
tinuously attracting research attention as possible direct band gap materials with
prospective applications in optoelectronics [27] and photonic devices [26]. Applica-
tions of hetero-layered SiGeSn structures in infrared light emitters, amplifiers, photo-
detectors, and modulators are described in [26]. In contrast, none of the other group
IV alloys were studied in the context of thermoelectrics. Khatami and Aksamija [18]
studied thermal conductivity of group IV alloys and concluded that bulk and nanos-
tructured SiSn alloys have lowest thermal conductivity of all group IV binary alloys.
A polycrystalline growth of study was conducted on a series of SiSn layers with an
initial content of 2%, 10% and 30% [21] and concluded that 18% of Sn atoms are
substituted into Si lattice along with the direct band gap energies decreasing from
3.01 eV to 0.22 eV supporting the statement that SiSn can become a direct band
gap material. Tonkikh et al. [40] performed fabrication of SiSn/Si multilayers using
temperature-modulated molecular beam epitaxy and concluded that SiSn alloys pos-
sess diamond lattice structure, Sn fraction up to 9.5% can be incorporated into crystal
lattice of SiSn layers. This thesis is an effort to study the thermoelectric performance
of bulk and nanostructured SiSn alloys.
Fig. 1.5 presents information about ZT of both p-type and n-type bulk thermo-
electric materials as a function of temperature. From the reported values of ZT as
shown in Fig. 1.5, none of the materials possess a ZT value greater than 1.5 at tem-
peratures higher than 1000 K. According to Mahan [25], semiconductors with a band
gap of 10kBT make good thermoelectrics and 10kBT rule holds well for both direct
and indirect band gap materials, where kB is Boltzmann constant and T is the op-
erating temperature. For high-temperature applications, it is important to minimize
the contribution of minority carriers to the Seebeck coefficient (as the minority charge
carriers add a negative Seebeck voltage) in order to maintain a high thermoelectric
power. SiSn alloys passes the 10kBT rule, the band gap of SiSn alloys is always higher
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than 10kBT at all the operating temperatures as shown in Fig. 2.2. The efficiency of
thermoelctric devices corresponding to reported values of ZT of various materials as
shown in Fig. 1.5 is very low and efforts to improve it is a highly prospective aspect.
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CHAPTER 2
ELECTRONIC BANDSTRUCTURE CALCULATION
The behavior of electrons and existence of gaps in the electronic excitation spectra
distinguishes the properties of semiconductors from other materials. In order to
determine the carrier properties in a semiconductor, it is important to know the
dependence of carrier energy on the wave vector in various energy bands, as well as
ordering of bands [41]. Energy bandstructures and carrier densities of semiconductors
are very important in understanding the dynamics of electrons under the influence of
electric and optical fields. The presence of almost 1023 atoms/cm3 in a solid makes
the task of studying electron properties complicated but the presence of translational
and rotational symmetries in a solid simplifies the task of determining electronic
bandstructures [44].
Electronic bandstructure calculations can be divided into two general categories [44].
The first category consists of ab initio methods, such as Hartree-Fock or Density Func-
tional Theory (DFT), which calculates electronic bandstructure from first principle
studies. These calculations are performed at atomic level varying from few to 1000
atoms and are computationally very expensive, requires high performance comput-
ing units. The second category consists of empirical methods, such as Orthogonalized
Plane Wave (OPW) [14], Linear Combination of Atomic Orbitals (LCAO) method [7],
k.p method [24], local [10] or non-local empirical pseudopotential (EPM) method [8].
Electronic bandstructure in these methods are calculated by solving a one-electron
Schro¨dinger wave equation. These methods uses empirical parameters to fit experi-
mental data of bandgaps at specific high symmetry points derived from optical ab-
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sorption experiments. Empirical parameters can also be obtained from atomic wave
functions [10], free-atom term values or from crystalline energy levels. In our model,
we used non-local pseudopotential method which is computationally less expensive
and more efficient, especially for dilute alloys which would require very large cells in
DFT and also yields accurate bandgaps.
Soref and Perry [38] calculated the electronic bandstructures of ternary SiGeSn
alloys using linear interpolation scheme and concluded these alloys can be tunable
direct band gap semiconductors. Moontragon et al. [26] calculated the electronic
bandstructures of Si, Ge, and Sn alloys using self-consistent pseudo potential wave
method within the mixed atom cell model of alloys, calculated direct (Γ) and in-
direct band gaps (L and X) of an unstrained crystalline SixGe1−x−ySny alloys and
concluded that indirect to direct band gap crossover occurs at Sn composition of 0.17
in Ge1−xSnx alloys and never happens in Si1−xSnx alloys. Bouhafs et al. [5] calculated
electronic bandstructures of SiSn alloys using empirical pseudopotential method in
virtual crystal approximation and concluded that indirect (X) to indirect(L), indirect
(L) to direct (Γ) band crossover occurs at 0.34 and 0.65 composition of Sn.
The lattice constant of SiSn alloys used in our model is calculated from the lattice
constants of individual atoms and bowing parameters as given in [26]
alatt = aSix+ aGe(1− x− y) + aSny + b′SiGex(1− x) + b
′
SnGey(1− y) (2.1)
where alatt is the lattice constant of SixGe1 − x − ySny alloy. aSi, aGe and aSn are
the lattice constants of silicon, germanium and tin. b
′
SiGe and b
′
SnGe are the lattice
bowing parameters.
The missing bowing parameter b
′
SiSn in the above Eq. 2.1 is obtained by comparing
the lattice constant calculated using Eq. 2.1 to the effective lattice constant calculated
from the volume change analysis [23]. The size disparity between solute and solvent
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atoms results in change in the volume of solution and this is related to effective lattice
parameter (Eq. 2.3 to Eq. 2.6).
1− x
1 + 4µ/3κ1
+
x
1 + 4µ/3κ2
− 5
(
1− x
1− µ/µ2 +
x
1− µ/µ1
)
+ 2 = 0 (2.2)
κ =
(
1− x
κ1 + 4µ/3
+
x
κ2 + 4µ/3
)−1
− 4
3
µ (2.3)
where x is the solute atoms concentration, µ1 is shear modulus of Si, µ2 are shear
modulus of Sn, κ1 is bulk modulus of Si, κ2 is bulk modulus of Sn, µ is effective shear
moduli of SiSn alloy and κ is effective bulk moduli of SiSn alloy. The effective lattice
constant of SiSn alloy (a) is given by
a =
(
1− γ
γ2
x
)
a1 +
(
ζ
γ
γ2
x
)
a2 (2.4)
The parameters γ2 and γ are given by
γ2 = 1 +
4µ1
3κ2
(2.5)
γ
γ2
=
1 + 4µ1/3κ
1 + 4µ1/3κ2
(2.6)
Therefore, the effective lattice constant used in our model is given by
alatt = aSix+ aGe(1−x− y) + aSny+ b′SiGex(1−x) + b
′
SnGey(1− y) + b
′
SiSnx(y) (2.7)
Fig. 2.1 shows the composition dependence of lattice constant in SiSn alloys. Liter-
ature values of lattice constant [26] are included in this figure to compare with the
values of lattice constant from our model.
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Figure 2.1: Lattice constant vs. Sn composition of SiSn alloys. Literature results
from [26] are included in this figure.
2.1 Non-local Pseudopotential Method
The Schro¨dinger’s wave equation for a bulk crystal is solved without exactly know-
ing the potential experienced by an electron in the crystal lattice by using empirical
pseudopotential methods [29, 30, 19]. The fundamental concept involved in these
calculations is the deep core electrons are not considered by assuming that core elec-
trons are tightly bound to the nucleus, valence and conduction band electrons are
influenced by the remaining potentials. Non-local pseudopotential method is a exten-
sion of local EPM calculations to overcome the discrepancies in valence-band widths,
ionicity of crystal, and band topologies of diamond and zinc-blende structures [8].
The required empirical pseudopotentials used in our model are taken from [8] which
are fixed by detailed comparisons with experimental reflectivity and photoemission
13
data. The alloys were treated in virtual crystal approximation (VCA) by linearly
interpolating the form factors of individual atoms.
Figure 2.2: Calculated EXΓ, ELΓ, EΓΓ gaps of SiSn alloys plotted as a function of Sn
composition.
In our model, the crossing points of bandgaps EXL and ELΓ in SiSn alloys occurs
at 0.31 (in good agreement with [5]) and 0.49 composition of Sn as shown in Fig. 2.2.
For Sn composition greater than 0.49, the SiSn alloy becomes direct bandgap mate-
rial. High degree valley of degeneracy is beneficial for a good thermoelectric perfor-
mance [15]. Increase in valley degeneracy results in improvement of thermoelectric
power factor, electrical conductivity increases due to increase in average mean free
path (MFP) and number of channels in Fermi window. High thermoelectric perfor-
mance in bulk materials can be obtained by achieving high valley degeneracy through
convergence of conduction (or valence) bands [28]. In SiSn alloys, the minimum of
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conduction band is in X valley (degeneracy of 6) for Sn compositions up to 0.31,
in L valley (degeneracy of 8) for Sn compositions in between 0.31 to 0.49, and in
Γ valley (degeneracy of 1) for other Sn compositions. SiSn alloy is Si-like indirect
bandgap material for lower composition of Sn, a Ge-like indirect bandgap material
for intermediate composition of Sn and Sn-like direct band gap material for higher
compositions.
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CHAPTER 3
CARRIER TRANSPORT
3.1 Rode’s Method for Electron Mobility Calculation
In case of anisotropic and in-elastic scattering, the Relaxation Time Approxima-
tion (RTA) cannot be applied to solve Boltzmann Transport Equation (BTE) as the
carrier distribution does not relax to their equilibrium distribution value. Rode’s
method [32] is used to model the carrier transport in this work. It is an iterative
method used to calculate the mobility of carriers by solving for perturbation in dis-
tribution function under the influence of low electric field. Boltzmann equation is a
one-particle distribution function by averaging the N -particle distribution function
over (N − 1) particles in the system. This averaging process gives the Boltzmann
equation as
∂f
∂t
+ v.∇rf + F~ .∇kf =
(
∂f
∂t
)
c
(3.1)
where f is the particle density and the right hand side of equation represent collision
term. Rode’s method can also be extended to calculate other thermoelectric pa-
rameters, including the Seebeck coefficient (S), electrical conductivity (σ), electronic
contribution to thermal conductivity(κel), and the bi-polar thermal conductivity (κb).
We have included impurity scattering, alloy scattering, boundary scattering, acoustic
and optical phonon scattering mechanisms in our model.
The perturbation to distribution function is obtained from implementing in-elastic
scattering of carriers in our model. A complete description of bandstructure is used in
our model by considering the conduction band minimum in X, L, Γ valley and their
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relative positions in the valence band as a function of Sn composition in SiSn alloys.
The first order approximated distribution using Legendre polynomials is shown in 3.2
f(k) = fo(k) +
∑
n=1
gn(k)pn (cosθ) (3.2)
where fo(k) is equilibrium distribution function, gn(k) is the perturbation to distri-
bution function due to the applied electric field and θ is the angle between carrier
velocity and electric field. With approximated distribution function, the BTE includ-
ing in-elastic scattering is solved iteratively until the result converges to calculate the
perturbed distribution function as shown in [43],
gi+1 =
Siogi − eF} ∂f0∂k
S0
(3.3)
Here the ith iteration solution of gi is used to calculate the (i+ 1)
th solution of the
perturbed distribution function. Sio is the in-scattering rate of in-elastic scattering
process. S0 is the sum of out-scattering rates of all processes and in-scattering rates
of all scattering mechanisms except in-elastic mechanisms. The zeroth-iteration so-
lution g0 is assumed to be 0, where the solution tends to RTA approximated value.
The calculated perturbation to the distribution function (gi) is used to calculate the
energy-dependent transport distribution function (TDF) [20]
σ(E) =
1
Ω(2pi)2F
∫
v(k)g(k)δ(E − E(k))d2k (3.4)
where v(k) is group velocity of carriers, Ω is the volume of the first Brillouin zone, and
F is applied electric field. Once the iteration reaches convergence, Seebeck coefficient
(S) and electrical conductivity (σ) are calculated from the TDF as
σ =
∫
σ(E)dE (3.5)
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S = − 1
eT
∫
σ(E) (E − Ef ) dE∫
σ(E)dE
(3.6)
where Ef is Fermi energy level and T is the temperature of material.
3.1.1 Wiedemann-Franz Law
The Wiedemann-Franz law is used to calculate the contribution of electrons/holes
to thermal conductivity. According to this law, the ratio of electrons/holes contribu-
tion to thermal conductivity (κel) to electrical conductivity is directly proportional
to temperature [T ]. The interdependence of κel, σ and T is given by Eq. 3.7 [9]
L =
κel
σT
(3.7)
where L is a Lorenz number and is typically close to 2.45*10−8 (WΩK−2). Most
of the metals obey this value of L as the electrons are primary heat carriers. In
semiconductors, the value of L slightly changes with the doping concentration as the
position of Fermi energy level changes with it.
3.1.2 Bipolar Thermal Conductivity
Thermal conduction in solids reveals information the nature of lattice dynamics as
well as phonon scattering mechanisms. The low temperature thermal conductivity in
semiconductors follows T−1 temperature dependence as expected in phonon-phonon
interactions dominated thermal conductivity. At high temperatures, the calculated
thermal conductivity is significantly higher than T−1 temperature dependence due
to charge carriers and their interactions showing the presence of bipolar thermal
conductivity [36]. Bipolar thermal conductivity (κb) in semiconductors at elevated
temperatures due to electron-hole coupling is given by [36]
κb =
σnσp
σn + σp
(Sp − Sn)2 T (3.8)
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where σn, σp are the electrical conductivity of electrons, holes and Sn,Sp are the
Seebeck coefficients of electrons, holes.
3.2 Scattering Mechanisms
Generally, the word mobility refers to freedom of movement in everyday usage. In
semiconductors, mobility is a measure of ease of the carrier motion in crystal. The
carrier mobility (µ) is defined as
µ =
q < t >
m∗
(3.9)
where < t > is mean free time between collisions and m∗ is the effective mas of charge
carriers. Increase in number of motion impeding collisions within the semiconductor
decreases mean free time between collisions, thus decreasing the mobility of charge
carriers. Therefore, carrier mobility is inversely proportional to scattering mechanisms
within semiconductor material.The average time taken by a carrier to reach final state
is called relaxation time or scattering time.
Inelastic scattering mechanism involves phonons and change energy of the charge
carriers where as elastic scattering mechanisms does not change energy of the charge
carriers but changes its direction. The collision term in eq. 3.1 represents internal
relaxation mechanisms related to collision of charged carriers in a semiconductor
under the influence of external forces. These mechanisms are responsible for the
carriers to reach steady state conditions with/without the influence of external forces
on the semiconductor.
The elastic and in-elastic scattering mechanisms included in our model are dis-
cussed in this section. The elastic scattering mechanisms included are ionized impu-
rity scattering, deformation potential acoustic phonon scattering, boundary scatter-
ing and alloy scattering. The in-elastic scattering mechanisms are intervalley optical
phonon scattering along with f-type and g-type processes.
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3.2.1 Ionized Impurity Scattering
When an impurity is introduced into a lattice, it’s interaction with the electron
possesses a more local character and scattering will occur only in the vicinity of
impurity site with appreciable probability. The scattering potential of an individual
impurity has infinite range and with many such impurities, it is important to consider
electrons being scattered continuously. The impurity scattering is usually dominant
at low temperatures and the impurity scattering rate implemented in the code is
taken from Conwell-Weisskopf approximation [6]
Γimp =
Z2e4NI
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√
2pi2m∗1/2E3/2k
log
(
1 +
Ze2N
1/3
I
4piEk
)
(3.10)
where NI is the number scattering centers created due to the impurities, m
∗ is effective
mass of the material and Ek is the energy of carriers. Z is the number of equivalent
valleys. Si has 6, Ge has 8 and Sn has 1 respectively.  is relative permeability.
3.2.2 Acoustic Phonon Scattering
The scattering of electrons by longitudinal mode acoustical phonons is the most
important source for scattering in a lightly doped semiconductor at low temperature
as the mean electron energy is comparable to acoustical phonon energy. An acoustical
wave may induce a change in atomic spacing and this fluctuation of energy bandgap
locally on atomic scale can be attributed to deformation potential. Acoustic phonon
scattering rate (Γ3dacs) in bulk or 3D material is given as [6],
Γ3dacs =
2piE2adefkBT
~v2ρ
D(E) (3.11)
where Eadef is acoustic phonon deformation potential, ρ is mass density and v is
velocity of carriers and D(E) is density of states.
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3.2.2.1 Deformation Potentials
Deformation potential is defined as a shift in energy of band edge for an applied
unit elastic strain. The application of mechanical strain alters the bandstructure
by shifting the energies of respective band extrema, where most of the transport
phenomenon happens in semiconductor materials. The effect of strain on conduction
band and valence band is expressed in terms of deformation potentials. Electron-
phonon coupling deformation potentials are determined for each alloy composition
and used in our model.
3.2.2.2 Conduction Band Deformation Potentials
The constants Ξd and Ξu represent deformation potential values in conduction-
band. Ξd is associated with pure dilatational strain (strain applied along all the
axes) and Ξu is associated with shear strain (uniaxial stretch along the major axis
and symmetrical compression along the minor axis). The shift in mean energy of
conduction-band extrema (∆E0c ) is given by [42],
∆E0c =
(
Ξd +
1
3
Ξu
)←→
1 :←→ (3.12)
The shift in mean energy of valence-band extrema (∆E0v) is given by [42]
∆E0v = a
←→
1 :←→ (3.13)
where←→ is strain tensor and a is valence band deformation potential. From Eq. 3.12
and Eq. 3.13, the shift in mean energy gap (∆E0g ) with respect to shift in conduction-
band and valence-band is given by
∆E0g =
(
Ξd +
1
3
Ξu − a
)←→
1 :←→ (3.14)
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By considering the relative changes in the band energies of conduction-band and
valence-band, the deformation potentials Ξd, Ξu and a are calculated. The effective
conduction-band deformation potential (Ξ0) is calculated by [6],
Ξ20 = Ξ
2
d
(
2
3
+
1
3
m∗1
m∗t
(
Ξu
Ξd
+ 1
)2)
(3.15)
where m∗l is the longitudinal effective mass and m
∗
t is the transverse effective mass.
The calculated conduction band deformation potentials and the term (Ξd +
1
3
Ξu− a)
for Si and Ge were in good agreement with literature values [13, 42].
3.2.2.3 Valence Band Deformation Potentials
The constants a, b, d represent acoustic deformation potentials and do represent
optical deformation potential in valence band. The shift in energy of valence-bands
(∆Ev1 , ∆Ev2 , ∆Ev3) for a uniaxial strain along [001] is given by [42],
∆Ev1 = −
1
6
∆0 +
1
4
δE001 +
1
2
[
∆20 + ∆0δE001 +
9
4
(δE001)
2
]1/2
(3.16)
∆Ev2 =
1
3
∆0 − 1
2
δE001 (3.17)
∆Ev3 = −
1
6
∆0 +
1
4
δE001 − 1
2
[
∆20 + ∆0δE001 +
9
4
(δE001)
2
]1/2
(3.18)
where ∆0 is the experimental spin-orbit splitting in the unstrained material and δE001
is the linear splitting of multiplet. δE001 is expressed in terms of the magnitude of
strain tensor and deformation potential (b) [42]
δE001 = 2b (zz − xx) (3.19)
where zz and xx are magnitudes of strain components. The valence band deformation
potential (b) is obtained by solving Eq. 3.16, Eq. 3.17, Eq. 3.18 and Eq. 3.19. The
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calculated value deformation potential value (b) of Si and Ge are in good agreement
with the literature values given in [13]. The deformation potential (d) for uniaxial
strain along [111] in terms of linear splitting of multiplet (δE111) is given by [42],
δE111 = 2
√
3dxy (3.20)
where xy is the magnitude of strain component. The calculated deformation poten-
tial value (d) of Si and Ge are in good agreement with the literature values given
in [13]. The effective valence band acoustic deformation potential (E1) for each alloy
composition is calculated using [13]
E21 =
v2s
v2l
[
a2 +
cl
ct
(
b2 +
1
2
d2
)]
(3.21)
where cl is longitudinal elastic constant, ct is transverse elastic constant, vs is average
sound velocity and vl is longitudinal sound velocity
3.2.3 Alloy Scattering
The periodicity of crystal lattice is broken substitutional components at random
positions in an alloy. The random distribution of substitutional atoms in crystal
lattice causes scattering and it is one of the major scattering mechanisms limiting
carrier mobility. M. A. Littlejohn et. al., [22] assumed a completely random alloys
and modeled perturbation as a potential step associated with some characteristic en-
ergy difference (∆E) like electro-negativity, band offset, and electron-affinity. The
magnitude of alloy scattering potential in our model is considered as the difference
between electron affinities of the constituent atoms in alloy. In SiSn alloys, the mag-
nitude of alloy scattering potential used is 0.277eV . The alloy scattering rate (Γalloyk )
is given by [43],
Γalloyk (x) = pix(1− x)alatt3d
(
D2alloy
~
)
D(E) (3.22)
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where Dalloy is alloy scattering potential, x is Si composition, and d is lattice disorder
which is considered as 0 for perfect lattice and 1 for maximum disorder
3.2.4 Boundary Scattering
Thermal conductivity of a material can be decreased by reducing the feature size
and surface roughening mechanisms. But enhancement of boundary scattering has
negative effects on electronic properties through charge trapping and mobility lower-
ing. Boundary scattering plays a crucial role in calculation of electronic properties in
a few nanometer thick thin films where the thickness of films is comparable to MFP
of the electron. In our study, the minimum thickness of the thin films considered is
always many times greater than MFP of the electron. Hence, boundary scattering
is not a dominating scattering mechanism in calculating electronic properties of SiSn
alloys. The boundary scattering rate in the case of confinement of material with
width (L) and velocity of carriers perpendicular to the boundary (vz) is given by [1],
Γboundary =
(
1 + p
1− p
)
L
vz
(3.23)
where p is the specularity parameter calculated by
p = exp(−4k2∆2cos(φB)) (3.24)
and k is the wave vector of the electron, ∆ is the surface roughness, and φB is the
angle between the incident electron with the normal of the boundary .
3.2.5 Intervalley Optical Phonon Scattering
Carriers can be scattered from one valley to another valley by both acoustic and
optical phonons. Intervalley optical phonon scattering is accompanied by either ab-
sorption or emission of a longitudinal mode acoustic phonon and is a predominant
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scattering source at higher temperatures. In calculations, contribution from other
branches as well as same branch are considered. This is further divided into f -type
and g-type process based on the initial and final orientation of the carrier during
scattering process. In a f -type process, the initial and final orientations are different
and works opposite in a g-type process.
Optical deformation potential constant (do) in valence band is calculated based
on the splitting of valence band (∆EΓ) induced by relative sublattice displacement
(−→u rel) [31].
∆EΓ =
1√
2
|−→u rel|
a
d5o (3.25)
a is the lattice constant and the relation between d5o and do is given by [31],
do =
1√
2
d5o (3.26)
The valence band optical deformation potential (Do) in valence band is given by [6],
D2o =
3
2
d2o
a2
(3.27)
Intervalley optical phonon f -type out-scattering rate (Γ3diop) in bulk or in a 3D
material is given by[6]:
Γfiop =
q(Z − 2)D2kf (N fpo + f±f )
ρωf
D(E ± Ef ) (3.28)
where Ef is f -type optical phonon energy, ff is Fermi-Dirac statistics for electron,
N fpo is the Bose-Einstein statistics for f -type f -type optical phonons, Dkf is f -type
optical phonon coupling constant, ωf is frequency of f -type optical phonons, and Z is
the number of symmetry directions. ’+’ denotes absorption of phonon and ’-’ denotes
emission of phonon, the corresponding change in energy of electron are taken care
through Fermi-Dirac statistics. Dkf is a f -type optical phonon coupling constant.
25
Intervalley optical phonon g-type out-scattering rate (Γ3diop) in bulk or in a 3D
material is given by [6]:
Γgiop =
qD2kg(N
g
po + f
±
g )
ρωg
D(E ± Eg) (3.29)
where Eg is g-type optical phonon energy, fg is Fermi-dirac statistics for electron, N
g
po
is the Bose-Einstein statistics for g-type phonon, ωg is frequency of g-type optical
phonons, and Dkg is g-type optical phonon coupling constant.
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CHAPTER 4
THERMOELECTRIC PROPERTIES CALCULATION
4.1 Results and Discussions of Thermoelectric Properties in
n-type SiSn alloys
In this part of study, theoretical calculations of electron mobility, hole mobility,
electrical conductivity, Seebeck coefficient, electronic contribution to thermal con-
ductivity, bipolar, and lattice thermal conductivity of SiSn alloys are implemented to
calculate ZT. Depending on the alloy composition, the conduction band minimum of
SiSn alloys are considered to be in X, L or Γ valley as shown in Fig. 2.2.
Fig. 4.1 shows the electron mobility of a n-doped SiSn alloys across Sn composition
(up to 0.7) for different donor doping concentrations of 1014, 1016, 1018, 1019, and 1020
cm−3 at a temperature of 300 K. For higher compositions of Sn (> 0.7), SiSn alloys
becomes semi-metal and bipolar conduction lowers the Seebeck coefficient. The effect
of low and high carrier concentration on mobility is also studied. The electron mobility
in SiSn alloys decreases with increase in donor doping concentration. At a specific
donor doping concentration, the electron mobility in SiSn alloys decreases in going
from pure Si to SiSn alloy up to Sn composition of 0.4 and starts increasing for higher
Sn compositions indicating the metallic nature of Sn. The decrease in mobility from
pure Si to SiSn alloy demonstrates that alloy disorder scattering is the dominating
scattering mechanisms limiting carrier mobility.
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Figure 4.1: Electron mobility vs. Sn composition for a n-doped SiSn alloys with donor
doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Fig. 4.2 shows the electrical conductivity of a n-doped SiSn alloys across Sn com-
position (up to 0.7) for different donor doping concentrations of 1014, 1016, 1018, 1019
and 1020 cm−3 at a temperature of 300 K. The electrical conductivity of SiSn alloys at
all doping concentrations slightly decreases up to the Sn composition reaches 0.4 and
it starts increasing for higher Sn compositions due to increase in the mobility of elec-
trons. Alloys with higher doping concentration have higher electrical conductivity.
The electrical conductivity (σ) values shown in Fig. 4.2 is calculated as σ = σn + σp,
where σn, σp are the electrical conductivity of electrons and holes.
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Figure 4.2: Electrical conductivity vs. Sn composition for a n-doped SiSn alloys with
donor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Fig. 4.3 shows the Seebeck coefficient of a n-doped SiSn alloys across Sn compo-
sition (up to 0.7) for different donor doping concentrations of 1014, 1016, 1018, 1019
and 1020 cm−3 at a temperature of 300 K. The Seebeck coefficient of Si obtained
from our model at both low and high values of donor doping concentration is in good
agreement with the [4]. The effective Seebeck coefficient calculated in our model
including bipolar conduction is given by [34],
S =
Snσn − Spσp
σn + σp
(4.1)
where σn, σp are the electrical conductivity of electrons and holes and Sn,Sp are the
Seebeck coefficients of electrons and holes.
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Figure 4.3: Seebeck coefficient vs. Sn composition for a n-doped SiSn alloys with
donor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Unlike the electrical conductivity, the Seebeck coefficient in SiSn alloys decreases
with increase in donor doping concentration. The effective Seebeck coefficient in SiSn
alloys remains constant for low compositions (< 0.5) of Sn and starts decreasing for
high compositions of Sn (> 0.5) as the valley degeneracy decreases. The effective
Seebeck coefficient in SiSn alloys is dominated by Seebeck coefficient of electrons as
the electrical conductivity of electrons is many times higher than that of holes.
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Figure 4.4: Thermoelectric power factor vs. Sn composition for a n-doped SiSn alloys
with donor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Fig. 4.4 shows the thermoelectric power factor of a n-doped SiSn alloys across Sn
composition (up to 0.7) for different donor doping concentrations of 1014, 1016, 1018,
1019 and 1020 cm−3 at a temperature of 300 K. The power factor of SiSn alloys is
decreases up to Sn composition of 0.4 and then starts increasing with the increase in
Sn composition. The thermoelectric power factor increases with increase in the donor
doping concentration and is largely governed by the electrical conductivity (electrical
conductivity values are significantly higher than the Seebeck coefficient).
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Figure 4.5: Lattice thermal conductivity, electronic contribution to thermal conduc-
tivity and bipolar thermal conductivity vs. Sn composition for a n-doped SiSn alloys
with donor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Solid, dashed lines represent κel and κb
Fig. 4.5 shows lattice thermal conductivity, electronic contribution to thermal con-
ductivity, and bipolar thermal conductivity across Sn composition for a n-doped SiSn
alloys with donor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at a
temperature of 300 K. Lattice thermal conductivity values of binary SiSn alloys used
in this thesis has been taken from [17]. The huge reduction in thermal conductivity
going from pure Si to SiSn alloys is due to the increase in phonon scattering resulting
from random mass variation (difference in atomic mass of the constituent materi-
als in a alloy leads to mass disorder scattering). Electronic contribution to thermal
conductivity is calculated using Eq. 3.7.
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The carriers (electrons, holes) contribution to the thermal conductivity is small,
and almost remains constant until the Sn composition reaches 0.5 and then starts
increasing for the higher compositions of Sn. The increase in the value of κel in SiSn
alloys at higher concentrations of Sn is due to the higher electrical conductivities.
κel is almost comparable to the value of lattice thermal conductivity at higher Sn
compositions of Sn.
Figure 4.6: Thermoelectric figure-of-merit vs. Sn composition for a n-doped SiSn
alloys with donor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at
T=300 K.
Bipolar thermal conductivity in SiSn alloys is calculated using Eq. 3.8. κb remains
low for all the compositions of Sn implying very less bipolar conduction and decreases
with increase in donor doping concentrations as the electrical conductivity of holes
is decreased. Fig. 4.6 shows thermoelectric figure-of-merit across Sn composition for
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a n-doped SiSn alloys with donor doping concentration of 1014, 1016, 1018, 1019 and
1020 cm−3 at a temperature of 300 K. ZT of SiSn alloy is increased with the increase
in Sn composition. The increment in the value of ZT is due to reduction in thermal
conductivity. Highest value of ZT is obtained in SiSn alloys for the Sn composition
of 0.5. Signification increase in the value of ZT is observed in going pure Si to SiSn
alloys as shown in Fig. 4.6.
4.1.1 Optimization of Thermoelectric Properties in n-type SiSn Alloys
Besides improving the thermoelectric figure-of-merit (ZT) by reducing lattice ther-
mal conductivity through enhanced phonon scattering, ZT can be further improved
by optimization of thermoelectric power factor through doping.
(a) Power factor vs. doping concentration (b) ZT vs. doping concentration
Figure 4.7: Thermoelectric power factor vs. donor doping concentration (left), ther-
moelectric figure-of-merit vs. donor doping concentration (right) for a n-doped bulk
Si0.9Sn0.1 alloy from T=300 K to T=1500 K.
Fig. 4.7a and Fig. 4.7b shows the thermoelectric power factor and thermoelectric
figure-of-merit across donor doping concentrations in a n-doped bulk Si0.9Sn0.1 alloy
at different temperatures. The trade-off between the increase of σ, decrease of S
and increase of κel with the increase in donor doping concentrations, results in power
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factor to have its peak value in the range of 3 ∗ 1019 to 6 ∗ 1020 cm−3 and ZT to have
its peak value in the range of 1019 to 1020 cm−3 in a bulk Si0.9Sn0.1 alloy.
Fig. 4.8a, Fig. 4.8b shows the thermoelectric power factor and thermoelectric figure-
of-merit across donor doping concentrations in a n-doped bulk Si0.5Sn0.5 alloy at
different temperatures.
(a) Power factor vs. doping concentration (b) ZT vs. doping concentration
Figure 4.8: Thermoelectric power factor vs. donor doping concentration (left), ther-
moelectric figure-of-merit vs. donor doping concentration (right) for a n-doped bulk
Si0.5Sn0.5 alloy from T=300 K to T=1500 K.
Fig. 4.9a, Fig. 4.9b shows the thermoelectric power factor and thermoelectric
figure-of-merit across donor doping concentrations in a n-doped 20 nm
nanostructured Si0.9Sn0.1 alloy at different temperatures.
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(a) Power factor vs. doping concentration (b) ZT vs. doping concentration
Figure 4.9: Thermoelectric power factor vs. donor doping concentration (left), ther-
moelectric figure-of-merit vs. donor doping concentration (right) for a n-doped 20 nm
nanostructured Si0.9Sn0.1 alloy from T=300 K to T=1500 K.
The optimum doping concentrations corresponding to peak ZT values at different
temperatures in bulk and 20 nm nanostructured Si0.9Sn0.1 alloy are obtained from
Fig. 4.7b and Fig. 4.9b. Similar calculations are performed to determine optimum
doping concentration of other compositions of bulk and nanostructured SiSn alloys.
The obtained optimum doping concentration values are used further to calculate
optimum ZT across temperature.
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4.1.2 Thermoelectric Figure-of-Merit in n-type Bulk and Nanostructured
SiSn Alloys
Figure 4.10: Thermoelectric figure-of-merit vs. temperature for a n-doped bulk SiSn
alloys
.
Fig. 4.10 shows the thermolelectric figure of merit across temperature for various
Sn compositions in a n-doped bulk SiSn alloys. ZT of 1.9, 2.36 is obtained at a
temperature of 1480 K for Sn composition of 0.1 and 0.5 in a n-doped bulk SiSn
alloys.
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Figure 4.11: Thermoelectric figure-of-merit vs. temperature for a n-doped 100 nm
nanostructured SiSn alloys.
Fig. 4.11 shows the thermolelectric figure of merit across temperature for various Sn
compositions in a 100 nm nanostructured SiSn alloys. Significant increase in the value
of ZT is observed in going from bulk to 100 nm nanostructured SiSn alloys. ZT of
2.54, 3.124 is obtained at a temperature of 1480 K for Sn composition of 0.1 and 0.5
in a 100 nm nanostructured SiSn alloys.
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Figure 4.12: Thermoelectric figure-of-merit vs. temperature for a n-doped 50 nm and
20 nm nanostructured SiSn alloy. Solid, dashed lines represent 20 nm and 50 nm
respectively.
Fig. 4.12 shows the thermolelectric figure-of-merit across temperature for various Sn
compositions in a 50 nm and 20 nm nanostructured n-type SiSn alloys. Further
increase in value of ZT is observed by decreasing the dimensionality of SiSn alloys.
ZT of 2.94, 3.46 is obtained at a temperature of 1480 K for Sn composition of 0.1 and
0.5 in a 20 nm nanostructured SiSn alloys. Large bandgap in SiSn alloys (Fig. 2.2)
ensures that bipolar conduction is minimum at all the Sn compositions presented in
above plots.
39
4.2 Results and Discussions of Thermoelectric Properties in
p-type SiSn Alloys
In general, most of the n-type thermoelectrics shows better ZT than p-type ther-
moelectric materials. Thermoelectric figure-of-merit of 0.95 is reported in p-type
nanostructured SiGe alloys [16].
Figure 4.13: Hole mobility vs. Sn composition for a p-doped SiSn alloys with acceptor
doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Fig. 4.13 shows the hole mobility of p-type SiSn alloys across Sn composition (up
to 0.6) for different acceptor doping concentrations of 1014, 1016, 1018, 1019, and 1020
cm−3 at a temperature of 300 K. The effect of low and high carrier concentration on
mobility is also studied. The hole mobility in SiSn alloys decreases with increase in
acceptor doping concentration. At a specific acceptor doping concentration, the hole
mobility in SiSn alloys decreases in going from pure Si to SiSn alloy. The decrease
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in mobility from pure Si to SiSn alloy demonstrates that alloy disorder scattering is
the dominating scattering mechanisms limiting carrier mobility. Over all, mobility in
p-type SiSn alloys is lower than n-type SiSn alloys.
Figure 4.14: Electrical conductivity vs. Sn composition for a p-doped SiSn alloys
with acceptor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300
K.
Fig. 4.14 shows the electrical conductivity of p-type SiSn alloys across Sn composition
(up to 0.6) for different acceptor doping concentrations of 1014, 1016, 1018, 1019 and
1020 cm−3 at a temperature of 300 K. The electrical conductivity of SiSn alloys at
all doping concentrations slightly decreases with increase in Sn composition. Alloys
with higher doping concentration have higher electrical conductivity. The electrical
conductivity (σ) values shown in Fig. 4.14 is calculated as σ = σp + σn, where σp, σn
are the electrical conductivity of holes and electrons.
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Figure 4.15: Seebeck coefficient vs. Sn composition for a p-doped SiSn alloys with
acceptor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300 K.
Fig. 4.15 shows the Seebeck coefficient of p-type SiSn alloys across Sn composition
(up to 0.6) for different doping concentrations of 1014, 1016, 1018, 1019 and 1020 cm−3
at a temperature of 300 K. Unlike electrical conductivity, the Seebeck coefficient
decreases with increase in acceptor doping concentration. The Seebeck coefficient in
p-type SiSn alloys is almost same as the n-type SiSn alloys at a temperature of 300
K.
Fig. 4.16 shows the thermoelectric power factor of p-type SiSn alloys across Sn
composition (up to 0.6) for different doping concentrations of 1014, 1016, 1018, 1019
and 1020 cm−3 at a temperature of 300 K. The power factor of SiSn alloys is decreases
with the increase in Sn composition. The thermoelectric power factor increases with
increase in the acceptor doping concentration and is largely governed by the electrical
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conductivity (electrical conductivity values are significantly higher than the Seebeck
coefficient). Fig. 4.17 shows lattice thermal conductivity, electronic contribution to
thermal conductivity, and bipolar thermal conductivity across Sn composition for a
p-doped SiSn alloys with acceptor doping concentration of 1014, 1016, 1018, 1019 and
1020 cm−3 at a temperature of 300 K. Electronic contribution to thermal conductivity
is calculated using Eq. 3.7. The carriers (holes, electrons) contribution to the ther-
mal conductivity is small, and almost remains constant for all compositions of Sn
presented.
Figure 4.16: Thermoelectric power factor vs. Sn composition for a p-doped SiSn
alloys with acceptor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at
T=300 K.
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Figure 4.17: Lattice thermal conductivity, electronic contribution to thermal conduc-
tivity and bipolar thermal conductivity vs. Sn composition for a p-doped SiSn alloys
with acceptor doping concentration of 1014, 1016, 1018, 1019 and 1020 cm−3 at T=300
K. Solid, dashed lines represent κel and κb
Bipolar thermal conductivity in p-type SiSn alloys is calculated using Eq. 3.8. κb
remains low for all the compositions of Sn implying very less bipolar conduction and
decreases with increase in acceptor doping concentrations as the electrical conductiv-
ity of electrons is decreased.
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4.2.1 Optimization of Thermoelectric Properties in p-type SiSn Alloys
(a) Power factor vs. doping concentration (b) ZT vs. doping concentration
Figure 4.18: Thermoelectric power factor vs. acceptor doping concentration (left),
thermoelectric figure-of-merit vs. acceptor doping concentration (right) of a p-doped
bulk Si0.5Sn0.5 alloy from T=300 K to T=1500 K.
(a) Power factor vs. doping concentration (b) ZT vs. doping concentration
Figure 4.19: Thermoelectric power factor vs. acceptor doping concentration (left),
thermoelectric figure-of-merit vs. acceptor doping concentration (right) of a p-doped
20 nm nanostructured Si0.9Sn0.1 alloy from T=300 K to T=1500 K.
Fig. 4.18a and Fig. 4.18b shows the thermoelectric power factor and thermoelectric
figure-of-merit across acceptor doping concentrations in a p-doped bulk Si0.5Sn0.5 alloy
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at different temperatures. The trade-off between the increase of σ, decrease of S and
increase of κel with the increase in donor doping concentrations, results in power
factor to have its peak value in the range of 5 ∗ 1019 to 2 ∗ 1020 cm−3 and ZT to have
its peak value in the range of 5 ∗ 1019 to 2 ∗ 1020 cm−3 in a bulk Si0.5Sn0.5 alloy.
Fig. 4.19a and Fig. 4.19b shows the thermoelectric power factor and thermoelectric
figure-of-merit across acceptor doping concentrations in a p-doped 20 nm nanostruc-
tured Si0.9Sn0.1 alloy at different temperatures.The optimum doping concentrations
for each composition is calculated from corresponding peak ZT values at different
temperatures in a p-type bulk and nanostructured SiSn alloys as shown in Fig. 4.18,
Fig. 4.19 and further used to calculate ZT across temperature.
46
4.2.2 Thermoelectric Figure-of-Merit in p-type Bulk and Nanostructured
SiSn Alloys
Figure 4.20: Thermoelectric figure-of-merit vs. temperature for a p-doped bulk SiSn
alloys
.
Fig. 4.18 shows the thermolelectric figure of merit across temperature for various Sn
compositions in a p-doped bulk SiSn alloys. Maximum ZT of 1.33 is obtained at
a temperature of 1480 K for Sn composition of 0.3 in a p-doped bulk SiSn alloy.
Fig. 4.21 shows the thermolelectric figure of merit across temperature for various Sn
compositions in a 100 nm nanostructured p-type SiSn alloys.
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Figure 4.21: Thermoelectric figure-of-merit vs. temperature for a p-doped 100 nm
nanostructured p-type SiSn alloys.
Significant increase in the value of ZT is observed in going from bulk to 100 nm
nanostructured p-type SiSn alloys. ZT of 1.6, 1.86 is obtained at a temperature of
1480 K for Sn composition of 0.1 and 0.3 in a 100 nm nanostructured SiSn alloys.
Fig. 4.22 shows the thermolelectric figure-of-merit across temperature for various Sn
compositions in a 50 nm and 20 nm nanostructured p-type SiSn alloys.
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Figure 4.22: Thermoelectric figure-of-merit vs. temperature for a p-doped 50 nm and
20 nm nanostructured p-type SiSn alloys. Solid, dashed lines represent 20 nm and 50
nm respectively.
Further increase in value of ZT is observed by decreasing the dimensionality of SiSn
alloys. ZT of 1.9 (which is twice as good as p-type nanostructured SiGe alloys), 2.16
is obtained at a temperature of 1480 K for Sn composition of 0.1 and 0.3 in a 20
nm nanostructured SiSn alloys. Large bandgap in SiSn alloys (Fig. 2.2) ensures that
bipolar conduction is minimum at all the Sn compositions presented in above plots.
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CHAPTER 5
CONCLUSION
In this study, we perform numerical simulations to determine thermoelectric prop-
erties of SiSn alloys. We computed electronic bandstructures of SiSn alloys in the vir-
tual crystal approximation using non-local empirical pseudopotentials method. We
find that indirect (X) to indirect (L), indirect (L) to direct (Γ) crossover occurs at
Sn composition of 0.31 and 0.49 in SiSn alloys. Electron-phonon coupling deforma-
tion potentials are determined for each SiSn alloy composition from the change in
energy of band edges on applying strain. An iterative full-band solver for the elec-
tron Boltzmann transport equation is developed and used it to compute the electron,
hole mobility, Seebeck coefficient, and electronic contribution to thermal conductivity
of both p-type and n-type SiSn alloys. We found that that mobilities and Seebeck
coefficients of SiSn alloys are comparable to those of SiGe alloys in both bulk and
nanostructured alloys. High valley of degeneracy is obtained at low and intermediate
compositions of Sn in n-type SiSn alloys. Bipolar effects on electrical conductivity,
Seebeck coefficient and thermal conductivity are also included in our model and the
large bandgap in SiSn alloys ensures that bipolar conduction is minimum for all the
compositions of Sn. Optimized doping concentration for each alloy composition in
both bulk and naostructured SiSn alloys are determined (lies in between 1019 cm−3 to
5∗1020 cm−3) and further used in calculation of ZT across temperature.Thermoelectric
power factor shows negligible reduction in going from bulk to nanostructured alloys,
whereas thermal conductivity decreases significantly, making SiSn alloys a better ther-
moelectric material. In n-type bulk SiSn alloys, even at modest Sn concentration of
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10%, ZT can reach 1.9, while in 20 nm thin films, it can reach the long-sought target
of ZT> 3. In p-type bulk SiSn alloys, even at modest Sn concentration of 10%, ZT
can reach 1.33, while in 20 nm thin films, ZT of 2.16 can be obtained. We conclude
that SiSn alloys merits further study as a TE material, especially in the light of lower
cost of Sn compared to Ge.
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